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In this summary report of the 2001 Snowmass Electroweak Symmetry Breaking Working Group, 

the main candidates for theories of electroweak symmetry breaking are surveyed, and the crit#eria for 

distinguishing among the different approaches are discussed. The potential for observing electroweak 

symmetry breaking phenomena at the upgraded Tevatron and the LHC is described. We emphasize 

the importance of a high-luminosity e + - linear collider for precision measurements to clarify the P 

underlying electroweak symmetry breaking dynamics. Finally, we note the possible roles of t,he 

l,,+,x- collider and VLIlC for further elucidating the physics of elrrtroweak symmetry breaking. 

I. THE ORIGIN OF ELECTROWEAK SYMMETRY BREAKING 

A. Introduction 

Deciphering the mechanism that breaks the electroweak symmetry and generates the masses of the known 

fundanental particles is one of the central problems of particle physics [l. 21. This mechanism will be explored 

by experiments now underway at the upgraded proton-antiproton Tevatron collider and in the near future at 

the Large Hadron Collider (LHC). Once evidence for electroweak symmetry breaking (EWS;SB) dynamics is 

obtained, a more complete understanding of the mechanisms involved will require pxperirnenta,tiorl at future 

e+e- linear colliders now under development. In certain scenarios, a ;L*\L- collider or the next generation of 

very large hadron colliders after LHC! (VLHC) can play an important role in cstal.)lishing the nature of the UI~SS 

generation mechanism for the fundamental particles. 

The dynamics of electroweak symmetry breaking requires the existence of at least. one IWW particle beyond the 

presently observed spectrum of the Standasd Model. The energy scale associated with electroweak symmetry 

breaking dynamics must be of order 1 TeV or below in order to preserve the unitarity of the scattering matrix 

for electroweak gauge bosons [3], a principle guaranteed by quantum mechanics. The specific details of the 

mechanism realized in na.ture to break the electroweak symmetry have far-reaching consequences for possible 

new physics beyond the Standard Model. 
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The generation of masses for the W* and Z ga.uge bosons is associated with the dynamics of elect,rowrak 

symmetry breaking. Goldstone bosons, which are massless scalar degrees of freedom, a,re genera.ted by t.he 

symmetry-breaking mechanism and transformed into the longitudinal spin components of the WA and 2. At 

present, t,he underlying nature of this dynamics is unknown. Two broad classes of clectroweak symmetry 

breaking mechanisms have been pursued theoretically. In one class of theories, electrowe& symmetry breaking 

dynamics is weakly-coupled, while in the second class of theories the dynamics is strongly-coupled. 

In theories of weak electroweak symmetry brea.king, the symmetry is broken by the dynamics of a weakly- 

coupled sector of self-interacting elementary scalar fields. These self-interactions give rise t,o a non-vcanishing 

scalar field in the V~CUUII~. Interactions of the Standard Model fields with this vacuum field generate the masses 

of the gauge bosom, quarks and leptons. In addition, the physical particle spectrum also conta.ins massive 

scalars-the Higgs bosons [l, 41. All fields remain weakly interacting at energies up to the grand unificat.ion 

scale which is close to the Plan& scale. At energies at and beyond the Plu~l~ scale, gravitatiomd interactions 

become as important as the strong and electroweak interactions, and must be incorpora.ted in the theory in a 

consistent quantum mechanical way. In the weakly-coupled approac.h to elect,roweak symmetry breaking. the 

Standard Model is very likely embedded in a supersymmetric theory [5] in order t.o stabilize the large gap 

between the electrowe& and the grand urlification (and Planck) scales in a natural wa.y [6]. These t4lrories 

predict a spectrum of Higgs scalars [7], with the lightest Higgs scalar mass below about 135 GeV [S] in the 

model’s minimal realization. 

Alternatively, strong breaking of electroweak symmetry is accomplished by new strong interactions near t.he 

TeV scale [2, 91. In most realizations of this approach. condensa.tes of fermion-antiferIrlior1 pairs are geueratrtl 

in the vacuum. The interactions of the electroweak gauge boso~~s with the associated Goldstone modes generate 

the masses of the gauge bosons. These models typically possess no elementary SC&U fields. III sm~e approaches. 

composite scalar fields, which ma,y resemble physical Higgs bosons, exist in the spectrum and are composed of 

fermionic constituents. These constitue.nts may be new matter fermions, as iu the case of technicolor models 

[2: 10, 111, or a. combination of new heavy q~mrlrs and the heavy Standard Model top and bottom quarks, as 

in the case of top-color models [12, 131. Quark and lepton masses are geuerated by introducing either effective 

Yukawa couplings between the composite scalar fields and the fermion fields or by cxt.ending the syst,rm 1)~ 

adding new additional gauge interactions that mediate the interactions between the Standard-Model fermions 

and the new fermions. These theoretical approaches are quite complicated constructs; the simplest realizations 

are generally in conflict with experimental constraints such as precision electrowcak data and flavor chauging 

neutral current bounds. 

A new approach to electroweak symmetry brea.king has recently been under intense investigation, in which 

extra space dimensions beyond the usual 3 -I- 1 dimensional spacetime are introduced [l&16] with charaetcrist.ic 

sizes of order (TeV)-’ . In such scenarios, the mechanisms for clectroweak symmetry breaking sre inherrntly 

extra-dimensional, and can result in a. phenomenology significantly different from the usual approaches men- 

tioned above. For example, the mass of the Higgs l~oson rnay be generated through interactions with Ka.luza- 

Klein states in the bulk of multi-dimensional space-time. In scinie (XsCs, the Higgs couplings to quarks and 

leptons may be drastically altered compared with the predictions of the Sta.ndard Model [17]. Some models 

exhibit new scalar fields (e..9., radions) which mix wit.h the Higgs bosons and can result in significant. shifts in 

the Higgs couplings [16, 181. In all such a,pproaches, new physics must be revealed at the TeV scale or below. 

Clearly, in order to understand any theory of dectroweak symmet,ry breaking dynamics, it is critical t,o explore 

and interpret the attendant new TeV-scale physics beyond the Standard Model. 



B. Criteria for Distinguishing among Models of EWSB 

Although there is as yet no direct evidence for the nature of electroweak symmetry breaking dynamics, 

present dat,a can be used to discriminate among the different approaches. For example, precision electroweak 

data, accumulated in the past decade at. LEP, SLC, the Tevatron, and elsewhere, strongly support,s the Standard 

Model with a weakly-coupled Higgs boson [19, 201. Moreover, the contribution of IWW physics, which can enter 

through lV* and 2 hoson vacuum polarization corrections, is severely constrained. This fa.ct has already served 

to rule out several models of strongly-coupled electroweak symmetry breaking dynamics. The Higgs boson 

contributes to the W” and 2 boson va.cuum polarization through loop effects, and so a Standard Model fit. t.o 

the electroweak d&a yields information about the Higgs mass. Present fits indicate that. t.he Higgs mass should 

be around 100 GeV [with a. fractional lrr uncertainty of about 50%], comparable to the direct. search upper 

limit, and must be less than about 200 GeV at 95% CL, as shown in Figure la. The electroweak data have 

improved significantly over the past decade, as shown in Figure lb, t<o the extent that the conclusions of the 

2001 Snowmass Workshop are considerably sharper than what was possible at the end of the 1996 Snowmass 

Workshop. 

There are some loopholes tha,t can be exploited to circumvent this conclusion. Ix coLlld 1x5 ixgued t.hat, 

the global Standard Model fit to precision electroweak data is not very good, with Some possible internal 

inconsistencies [21]. If true, new physics may be required, and the strong upper limit on the Higgs IMSS ~l~oulcl 

be relaxed. More generally, one can construct models in which t,he Higgs mass is significantly heavier. but other 

new physics also enters in such a way that their total contribution to the TT -+ and 2 vacuum polarizations is 
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FIG. 1: (a) The “blueband plot” shows Ax2 z 1’ -xii,, as a flmction of the Standard hIode Higgs mass [19, 201. The 

solid line is a result of a global fit using all data; the band represents the theoretical error due to missing higher order 

corrections. The rectangular shaded region shows the 95% CL exclusion limit on the Higgs mass from direct searches. 

(b) The evolution of the bounds on the Standard Model Higgs mass from 199C-2001. The upper boundary corresponds 

to the 95% CL upper bound on the Higgs mass derived from the global fit to electroweak data.. and the lower boundary 

corresponds to the 95% CL lower bound on the Higgs mass from direct searches. 



still consistent with the experimental da.ta [22]. Thus, although weakly-coupled e1ectrowea.k symmetry breaking 

models seem to be favored, one cannot definitively rule out all other approaches. 

Nevertheless, one additional piece of Ma is very suggestive. Vvithin the supersymnretric rst.ension of the 

Standard Model, grand unification of the electromagnetic, the weak a.nd the strong gauge> interactions can be 

achieved in a consistent, way, strongly supported by thr prediction of the electroweak mixing augle at low energy 

scales with an a.ccuracy at the percent level [23, 241. This success is not matched by my of the other approaches; 

in these cases grand unification either cannot be addressed or can be a.chieved only by a.djusting thr physics at, 

intermediate energy scales as needed. Unless one is willing to regard the a.pparent gauge coupling unification as 

a coincidence, it is tempting to conclude that weak electroweak symmetry breaking is the preferred mechanism. 

leading to an expected mass of the lightest Higgs boson below 200 GeV (less than 135 GeV in t,he simplest. 

supersymmetric models), and a spectrum of additional neutral and charged Higgs l~oso~~s up t.o masses of order 

1 TeV. 

II. EWSB PHYSICS AT PRESENT AND NEAR-FUTURE HADRON COLLIDERS: 

TEVATRON AND LHC 

A. Standard Model Higgs Boson 

After a decade long search for the Standard Model (SM) Higgs boson (lrsbl) at LEP, I-Iiggs masses up to 11-l 

GeV have been excluded [25]. The next step in the search for Higgs ~.KX+OI~S will take place at the Tevatron 

[26]. In the Higgs mass range below 135 GeV, the most promising signals cm be extracted from I~-?Ls~I and 

Z!I.~M Higgs-strahlung, in which the gauge bosons decay leptonically and t.he Higgs LOSOII decays irlto t:he /ji; 

final state. For Higgs masses above 135 GeV, 11s~ + WIT -(*I becomes the dominant decay mode [t,he ast.crisl: 

indicates a virtual W]. The ant.icipated Tevatron Higgs discovery reach is illustrated in Figure 2a, and is based 

on the combined statistical power of both t.he CDF and DO experiments. The curves shown a.re obtained 

by combining the Pz&, v,+& and @P-b8 channels using a neural network selection in the low-mass Higgs 

region [90 GeV <, 77&h,, 5 130 GeV], and the f*.@jj-Y and C+B-zW channels in the high-mass Higgs region 

[130 GeV 5 71~1, slvI 5 190 GeV]. The lower edge of the bands is the calculated threshold; t.hr bands extend upward 

from these nominal thresholds by 30% as an indicat,ion of the uncertainties in b-ta.gging efficiency, I)ackground 

rate, mass resolution, and other effects. Combining all the indicated channels, the int.egrated luminosities 

necessary to rule out the Higgs boson of the Standard Model for a mass below 200 GeV at the 95% CL limit, 

or to establish the observation of the Higgs boson at, t,he 3a or 5rr level a.re displayed in Figure 2a. Evidently, 

large integrated luminosities [lo to 30 fb-I] a.re needed to rea.ch a definitr conclusion on t.lie observation of the 

Higgs boson at the Tevatron. 

Production ra.tes for the Higgs boson in the Standard Model are significamly larger at bht- LHC. The dominant 

Higgs production process, gluon fusion, can be exploited in conjunction with a variety of other channt:ls, c.~., 

WW/ZZ fusion of the Higgs boson and Higgs radiation off top quarks [27--291. Integrated luminosit,ies bet.wesn 

30 and 100 fb-l, achievable within the first few years of LHC operation, will be suficieut to cover the entire 

canonical Higgs mass range of the Standard Model up to values close to 1 TeV with a significance greater t,han 

50 as shown in Figure 21,. Thus, there is no escape route for t.he Higgs boson of the St~andard Model a,t the 

LHC. 

If a SM Higgs boson is discovered at the Tevatron, the Higgs mass rau be measured with an wc‘c‘urac:~ of orcler 

2 GeV [30], whereas the determination of Higgs couplings to 11’ and 2 bosons and tu bottom quarks will bc 
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FIG. 2: (a) The integrated luminosity required per Tevatron experiment, to either exclnde a Standard Model Higgs 

boson at 95% CL or observe it at the 3a or 5a level, <as a function of the Higgs mass [26]. (1)) IEggs significance lrr~ls ~1s 

a function of the I-Eggs mass for the ATLAS experiment at the LIIC, assuming an integra,tetl luminosity of 100 f’b-’ [27]. 

model-dependent and fairly crude. More precise measurements of t8he properties of the Higgs boson mass in the 

Standard Model can be performed at t,he LHC. The h. sh* -+ ZZ(“) -+ Pl-1;+1’- channel iI.llUWS for a.n accurat,r 

Higgs mass determination of about 0.1% for 120 GeV 6 rnhSM 2 100 GeV. assuming an integrated luminosity 

of 300 fb-’ [31]. For larger Higgs masses, the precision in the Higgs mass measurement det.eriora.tes due to the 

effect of the increasing Higgs width; nevertheless a. IYo Higgs mass measurement is possible for qlShI 2: 700 Gel!. 

The Higgs width can be extracted with a precision of 5 to 6% over the IW~SS range 300-700 GeV from the 

Breit-Wigner shape of the Higgs resonance [31]. Below 300 GeV, the instrumental resolution becomes larger 

than the Higgs width, and the accuracy of the Higgs width measurement degrades. For example, the four-lept on 

invaria.nt mass spectrum from li.snl + 22 yields a precision of about 25% at m~lshr = 210 GeV [30]. For lower 

Higgs masses, indirect methods must be employed to measure the Higgs width. 

For Higgs nmsses below 200 GeV, a number of different Higgs decay channrls can be studied at. the LHC’. 

The measurements of various relations between Higgs decay branching ratios can be used 1~) infer t.he rat,& of 

various Higgs couplings, and provide an import.ant first st,ep in clarifying the nature of the Higgs boson. These 

can be extracted from a variety of Higgs signals which are observable over it. limited range of Higgs masses. The 

releva.nt processes are [28, 321: 

where v = I’ or 2. The gluon-gluon fusion mechanism is the dominant Higgs production mechanism at t.he 



LHC, yielding a total cross section of about 30 pb [15 pb] for m&,,, = 120 GeV [r?rhSh, = 200 C&i’]. One also has 

appreciable Higgs production via 1’1’ electroweak gauge boson fusion, with a t,otal cross section of ahut. 6 pb 

[3 pb] for the Higgs ma.sses quoted above. The electroweak gauge boson fusion mechanism can be separated 

from the gluon fusion process by employing a. forward jet tag and central jet vetoing techniques. The cross 

section for t%s~~ production can be significant for Higgs masses in the intermediate mass range [33], 0.8 pb 

[0.2 pb] at mhsM = 120 GeV [mhghl = 200 GeV], although this cross section falls faster witah Higgs mass as 

compared to the gluon and ga,uge boson fusion mechanisms. 

In the mass range 110 GeV 2 rnh sM 2 150 GcV, the Higgs boson can be detected [with 100 fb-i of data] in 

the yy and the r+r- channels indicated above. For .rnb, shl 2 1311 GeV, the Higgs boson can also be Mectrd in 

gluon-gluon fusion through its decay to TT’W”) , with both final gauge bosons decaying leptonicdly [34], and to 

.ZZ(*J in the four-lepton decay mode [27, 281. In addition, there is additional sensitivity to Higgs production via 

T/I/ fusion followed by its decay to It’It’(“l for nlhsxr N > 120 GeV. These data can be used to extract. the ratios 

of the Higgs partial widths to gluon pairs, photon pairs, r+r- , and W+T6- [35. 361. In this procedure, one 

takes the ratio of the partial Higgs widths to R’+TI’- and 22 as fixed by electroweak gauge invariance, xnd the 

ratio of the partial Higgs widths to b& a.nd r+r- as fixed by the universality of Higgs couplings to down-t.ype 

fermions. One can now extract the total Higgs width under the assumption that all other unobserved modes, in 

the Standard Model and beyond, possess small branching ratios of order 1Yo. The expected accuracies in Higgs 

width ratios, partial widths~ and the total Higgs width obtained in this way is exhibited in Figure 3. Moreover. 

the specific Lorentz structure predicted for the hs~~ll,‘~W- coupling by the Higgs mechanism can be test.ed iu 

angular correlations between the spectator jets in TT’Tf fusion of the Higgs ?..WSOI~ iit. the LHCI [36]. 

(partial) widths 

100 120 140 160 180 200 

mH cGeV) 

FIG. 3: R,elative accuracy expected at the LHC with 200 fb-’ of data for (a) various ratios of Higgs bosom. partial widths 

and (b) the indirect determination of partial and total widths. Expectations for width ratios assume l,T-, Z lmiversa.lity; 

indirect width measurement,s also assume B. T universality and a small branching rat.iu for nnobserwtl modes. ‘Iklwn 

from the parton-level analysis of Ref. [35]. 
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With an integrated luminosity of 100 fb-’ per experiment, the LHC can measure various ratios of Higgs 

partial widths I’i with accuracies typicaNy in a range from 10% to 30% This corresponds 60 5% to 15’;;; 

measurements of va.rious ratios of Higgs couplings. The ratio lYT /I’J.~. mea.sures the coupling of down-t,ype 

fermions relative to the Higgs couplings to gauge bosons. To the extent that t.he one-loop hsuy-) amplitude 

is dominated by the W-loop, the partial width ratio rr/Tr probes the same relationship. In contrast, under 

the usual assumption that the one-loop hsMgg amplitude is dominated by the top-quark loop, the ratio Fs/lYlc 

probes the coupling of up-type fermions relative to the J~.~MWTY coupling. AdtBtiona.1 informa.tion about Higgs 

couplings can be ascertained by making use of the t&h.1 production mode at the LHC, followed by II.S~I + b6. 

Recent studies [37. 351 by the ATLAS and CMS collaborations suggest t.hat for an integrated luminosity of 

100 fb-l, this signal is viable if mh SM 2 130 GeV. Including the t&sb,f mode allows for an independent cheek 

of the Higgs-top quark Yukawa coupling. ,M.oreover, if combined with information obt,ained from rB, one can 

test, through the decay hshji --+ b6, the assumption of universality of Higgs couplings to down-type ferrnions. 

Finally, one can check the consistency of the Standard Model by comparing t<he observed Higgs mass to 

the value deduced from precision electroweak fits. With improvements expected Lot,11 for the precision in 

the measured values of m~.f’, mt a.nd the electroweak mixing angle. one can anticip&~ an improvement in 

the fractional 10 uncertainty in the Higgs mass a.t future colliders [39]. After 2 fb-l [15 fb-‘1 of integrat.ect 

luminosity at the Tevatron, the anticipated fractional Higgs mass uncertainty will decrease to about 35% [25X]. 

Further improvements at the LHC with 100 fb-l of data can reduce this uncertainty t.o about 18% This will 

yield strong constraints on the Standard Model and could provide evidence for new physics if a disagn~~ment is 

found between the inferred Higgs mass from precision measurements and the ac:t.ual Higgs mass, or ii’ no H&s 

boson is discovered. 

B. Higgs Bosons in Supersymmetric Extensions of the Standard Model 

In supersymmetric ext,ensions of the Standard Model, there is one neut,ral Riggs state which often exhibits 

properties similar to those of the SM Higgs boson. In addition, new neutral and charged scalar states a.rise 

whose properties encode the physics of the electroweak symmetry breaking dynamics. In the absence of Cl? 

violation, the neutral Higgs bosons carry definite CP quantum numbers. 

In the minimal supersymmetric extension of the Standard Model (MSSM), the tree-level Higgs sector is 

automatically CP conserving. CP-violating effects can enter via. loop corrections, although these arc often small 

and we will neglect them (unless otherwise noted). The mass of the lightest CP-even neutral Higgs boson (1r j 

of the MSSM is less than about I.35 GeV [S]. This prediction incorporates significant radiative corrections, 

which shift the maximal Higgs mass from its tree-level value of n1.a [do]. Tl iis maximal mass is a.chieved when 

the t,op-squark mixing parameters are such that the contribution from the radiative corrections associated with 

loops of top-squarks is maximal (this is the nzaxcimal mixing scenario). In addition, the Higgs spectrum contains 

a heavier (Y-even neutral Higgs boson (H), a W-odd neutral Higgs hoson (-4) and a chargrd Higgs pair (H’). 

In contrast to the h mass, the masses of t.he H, sl and H* Higgs bosons are not simila.rly constrained and can 

be significantly larger than the 2 mass. In the MSSM, the tree-level I-Eggs sector is fixed by the values of rn.~ 

and the ratio of Higgs vacuum expectation values, tand. When radiative corrections are inclluded, additional 

MSSM parameters enter and determine the size of the loop rorrect.ions. For example, in t.he maximal mixing 

scenario, most of the MSSM Higgs para.meter space can be covered at t.he Tevatron given sufficient, luminosity 

[shaded a.reas in Figure da] by t‘he search for CP-even Higgs bosons with significant couplings to t,he FL7 and z. 
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FIG. 4: (a) 5~ discovery region on the ,rnA-tan@ plane [26], for the maximal mixing scenario and two different search 

channels: qQ -+ I’$ (4 = IL, H), 4 + b6 (shaded regions) and ggl qq -+ b?$ (4 = 11, H, --l), I$ 3 t6 (region in the upper 

left-hand corner bounded by the solid lines). Different integrated luminosities are explicitly shown by the color coding. 

The two sets of lines (for a given color) correspond to the CDF and DQ simulations, respectively. The region below the 

solid black line near the hottom of the plot is excluded by the absence of observed c+c:- -+ 2-4 events at, LEP2. (h) 5~7 

discovery contours for MSSM Higgs boson detection in various channels are shown in the rnA-tan/f parameter space, in 

the maximal mixing scenario, assuming an integrated luminosity of L = 300 fb-’ for the ATLAS detector [27, 281. 

The remaining unexplored regions will be covered at the LHC [Figure &I. That is, at least one of the Higgs 

bosoms of the MSSM is guaranteed t.o be discovered at either t,he Tevatron and/or the LHC. The coverage in 

the mA-tan@ plane by different Higgs production and daca.y channels can vary significa.ntly, depending on the 

choice of MSSM pa.rameters. For example, if the CP-even Higgs boson with the larger coupling to the TV and 

2 has a strongly suppressed coupling to bottom quarks, the Higgs searches at, the Tecatron will become more 

problematical, while the LHC search for Higgs production followed by it.s decay into photons becomes more 

favorable [41]. 

In some regions of MSSM parameter spa.ce, more than one Higgs boson can be discovered at the LHC. 

However, there is a sizable wedge-shaped region of the parameter space at, moderate values of tan $ opening up 

from about rn,i = 200 GeV to higher values in which the heavier Higgs bosom cannot be discovered at the LHC 

[see Figure 4b]. In this region of the MSSM parameter space, only the lightest CP-even Higgs boson can be 

discovered, and its properties are nearly indistinguishable from those of the Shl Higgs bosrm. Deviations from 

SM properties can also occur if t.he Higgs decay into supersyrnrnetric particles is kinematically allowed, or if 

light supersymmetric particles contribute significantly to Higgs loop a.rnplitudes. High precision mea.surernent,s 

of Higgs branching ratios and other properties will be rrouired in order to det.ect clevia.tions from SI\I Higgs 

predictions and demonstrate the existence of a non-minimal Higgs sector. 



C. Strong Electroweak Symmetry Breaking Dynamics 

If strong electroweak symmetry breaking with no Higgs boson in the mass range below 1 TcV is realized in 

nature, the Tevatron may provide the first hints of new physics, while LHC can provide some insight htcl the 

domain of the new st.rong interac.tions [42]. The top quark may play a critical role in this enterprise, due to the 

fact that its large ma,ss implies the strongest coupling to the electroweak symmetry breaking sect,or, compared 

to the other known particles of the Standard Model. At the Tevatron, 1lint.s of new physics associated with the 

top quark can emerge in a number of ways. Anomalous top quark production and/or nom particles that. decay 

into tz pairs would be a possible signal of strong electroweak symmetry-brealcing dynamics. 

At the LI-IC, deviations from the perturbative predictions for TT-+TT’- production in quark-antiqua.rl~ collisions 

shed light on the onset of the new interactions bst.wecn the 74’ bosons Mow 3 TeV. This range is irlso expected 

to be covered in strong WW quasi-elastic scattering. Access to this new domnin can also EW provided by 

observing pseudo-Goldstone bosons associated with the spontaneous breaking of global symmetries of the uew 

strong interactions [43]. I n addition, the observation of genuine new resonances (made up of techniquarks or 

other new fundamental strongly-interacting particles) is possible for masses below 2 to 3 TeV [B]. Evidence 

for new substructure can also be detected indirectly via deviations in jet-jet and Drell-Yan cross sections. For 

example, with 300 fb-l of data, the measurement of the dijet cross section is sensitive to a compositeness scale 

of about 40 TeV. However, the energy of the LHC and the resolution of the experiments fall short, of a det~ailetl 

analysis of the new strong interactions. 

III. EWSB PHYSICS AT FUTURE e.‘e- LINEAR COLLIDERS 

A. Standard Model Higgs Boson 

The next generation of high energy e + a- c linear colliders is expected to operate at energies from 300 Gr\’ up 

to about 1 TeV (JLC, NLC, TESLA), henceforth referred to as the LC [4-461. The possibility of a mult,i-TeV 

linear collider operating in an energy range of 3-5 TeV (CLIC) is also under study [47]. Kit11 the expected high 

luminosities, up to 1 ab-l, accumulated within a few yea.rs in a (4ean experimental environrrr~~nt, rhesr colli&rs 

are ideal instruments for reconstructing the mechanism of electroweak symmet.ry breaking in a comprehensive 

and conclusive form. 

If weakly-coupled electroweak symmetry breaking dynamics (involving an elementary scalar Higgs field) is 

realized in nature, then it can be established experimentally in three steps: 

1. The Higgs boson must be observed clearly and unambiguously, and its basic properties- mass. width, spin 

and C and P qua.ntum numbers-must be determined. 

2. The couplings of the Higgs boson to t,he II-* and 2 bosons and to lrptons and quarks must be measured. 

Demonstrating that these couplings scale with the mass of the corresponding particle would provi& a 

critical verification of the Higgs mechanism as the responsible agent for generating the masses of t.hr 

fundamental particles. 

3. The Higgs potential must be reconstructed by measuring the self-coupling of t,he Higgs field. The specific 

form of t.he potential shifts the ground state to a non-zero value, thereby providing the mechanism for 

electroweak symmetry breaking based on the self-interactions of scalar fields. 
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Essential elements of this program can be realized at a high-luminosity e+e- linear collider [48-X)]. With an 

accumulated luminosity of 500 f!-I, about 10” Higgs bosons can be produced by Higgs-stralllung et,- 3 zu 
in the theoretically preferred intermediate mass range below 200 GeV. Given t.he low background, as illustrawcl 

in Figure 5a, high-precision analyses of the Higgs boson are possible in these machines. The Higgs mass 
will be measured to an accuracy of order 100 MeV (with an itchievablr fractiOna pret:ision of 5 x lU+ for 

100 120 140 

Mass from 5C fit [GcV] 

too 110 120 130 110 150 160 

M”PW 

210 220 230 240 250 

FIG. 5: (a.) The Higgs boson mass peak reconstructed in the channel HZ + b&y@ at nl~r = 120 C&V [51]; (1)) Simulat.ed 

measurement of the e+ e- + ZH cross section for mu = 120 GeV with 20 fb-l/point at three center of mass energies 

compared to the predictions for spin-l) (full line) and typical examples of spin-l (dashed line) and spin-2 (dotted line) 

particles [52]; (c) The predicted SM Higgs boson branching ratios. Points with error bars show the expected experimental 

accuracy, while the lines indicate the theoretical uncertaintics on SM predictions [53]. (d) C.!roszz section for the double 

Higgs-strahlung process r+e- -+ ZHH at & = 500 GeV (solid) and 800 Gel; (dashed) [54]. The dat.a points show t.he 

accuracy for 1 ab-‘. 
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HTVW 1.3% 2.0% 

HZZ 1.2% 1.3% 

Htf 3.0% 6.1% 

Rbl; 2.2% 2.2% 

Hc? 3.7% 10.2% 

Hrr 3.3% 4X% 

TABLE I: Expected accuracies for menyuremeuts of Higgs couplings at. an E c. ’ ,- linear collider for Higgs nlijssP,s of 120 

and 140 Gel7 in the Standard Model, from Ref. [53]. For the WW and ZZ couplings, 500 f&-l at fi = 500 GeT. are 

assumed. For b$, cE, and rr, the study assumes 500 fb-’ at fi = 350 GeV; for f?, 1 ab-’ at @ = XiNl GeV. 

nzhsh,I = 120 GeV). The Iliggs width can br inferred, in a model-independent wa.y, to an accuracy up to 5 %, by 

combining the partial width to W+II’-, accessible in the TT’W fusion process, with the WIT’ decay branching 

ratio. Spin and parity can be determined unambiguously from t,he steep onset of the excitation curve in Higgs- 

&r&lung near the threshold [see Figure 5b] and the angular correlaCons in this process. 

Higgs decay bra,nching ratios can be measured very precisely in the intern1ediat.e mass range [see Figure 5~1. 

When these measurements are combined with measurements of Higgs product,ion cross sections, the abso1ut.c 

values of the Higgs couplings to t,he W and Z gauge bosons and the Yukawa couplings to leptons and quarks 

can be determined to a few percent in a model-independent way, as indicated in Table I. These observations 

are essential for establishing weakly-coupled scalar dynamics and the associated Yukawa int,eractions as the 

mechanism generating the masses of the fundamental particles in the Standard hIode1. 

The measurement of the self-couplings of the Higgs field is a very ambitious task that. requires the highest 

luminosities possible at e + e - linear colliders, which possess unique capabilities for addressing this question. 

The trilinear Higgs self-coupling can be measured in double EIiggs-st,rahlung, in which a. virtual Higgs bc-~s;on 

splits into two real Higgs particles in the final st,ate [54, 551. A simulation ba.sed on 1 ab-’ uf data is shown in 

Figure 5d [54]. In t.his wary, the cubic term of the scalar pot,ential can be established at a precision of about 20%. 

Such a. measurement is a prerequisite for developing the form of the Higgs pot,ential specific for spontaneous 

electroweak symmetry breaking in the scalar sector. 

The e+e- linear collider with center-of-mass energy fi can also be designed to operate in a. 71 collision 

mode. This is achieved by using Compton backscattered photons in the scattering of intense laser phot~ons cm 

the initial polarized e* beams [56? 571. The resulting ~7 center of mass energy is peaked for proper choices 

of machine parameters at about 0.8&. The luminosity achievable as a function of the photon beam energy 

depends strongly on t.he machine parameters (in particular, the choice of laser polarizations). The photon 

collider provides additional opportunities for Higgs physics [57-611. The Higgs boson can be produced as an 

s-channel resonance in 77 collisions, and one can perform independent mea.suremeIlt,s of various Higgs couplings. 

For example, the product I’(hshg -+ T~)BR.(IIs~I -+ b&) ran be measured with a statistical accura,cy of about 

2-10% for 120 GeVs nl.f Lshl 5 160 GeV with about 50 fb-’ of data [5!$ 601. Using values for BR(hshr -+ /jf;) 

and BR(&J + 7-f) measured at the e -t P - linear collider, one can obtain a value for the total Higgs width with 

an error dominated by the expected error in BR.(hsbf + yy). For heavier IIiggs hosons, 771.h~~~ 2 200 Gel:, the 

total Higgs width can be measured clirectly with an accuracy of order lO%, by t.uning the collider to scan across 

the Higgs resonance. One can also use the polarization of the photon beams to measure va.rious asymmetries 

in Higgs production and decay, which are sensitive to the CP quantum number of the Higgs boson [611]. 
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Finally, we note that substantial improvements are possible for precision me;tSurements of 711117, III+ and 

electroweak mixing angle measurements a.t the LC! [39]. But, the most significaalt improvements can be achieved 

at the GigaZ [62], where the lineas collider operates at 6 = 711,~ and fi N 2111 lt.. With an integrated h.milxJsity 

of 50 fi-l, one can collect 1.5 x lo9 Z events and about 10fi Tl’+W’- pairs in the threshold region. Employing 

a. global fit to the precision clectroweak data in the Standard Model, the anticipated fractional Higgs mass 

uncertainty achievable would be about 8Yo. This would provide a stringent test for the theory of the Higgs 

boson, as well as very strong constraints on any new physics beyond the Standard Model that, couples to t,he 

W and Z gauge bosons. 

B. Higgs Bosons in Supersymmetric Extensions of the Standard Model 

We first focus on the production of /I., 13, d and I@ of t,he MSSM. The main production mechanisms are 

(i) single Higgs production (&e- -+ Zh, ZH) via Higgs-strahlung, (ii) associated neutral Higgs pair production 

(e+e- -+ hA, HA) via s-channel 2 exchange? and (iii) charged Higgs pair production (ese- -+ H'H- ). 

Processes (i) and (ii) are complementary t.o each other as a consequence of unitarity sum rules for tree-level 

Higgs couplings [63]. In particular. gszz -t 4n7.~g$,A, = g2m$./ cos:! 6~ (for (z, = h, H), which shows that both 

gszz and ggAZ cannot simultaneously vanish. For nb,l 2 200 GeV, one finds that 711~ - 70~ - frl FIJ: > rllh 

and gH.ZZ ,-a ghAZ - 0, as a. consequence of the decoupling limit in which the properties of 1~ are nearly 

indistinguishable from those of the SM Higgs boson [64]. Thus, at the LC with cent,er-of-mass energy fi, t,he 

Higgs-strahlung of the light,est Higgs boson Zh and pair product.ion of the heavy Riggs bosons H-4 and H+ H- 

are dominant if mA 6 G/2. In this case, the heavy Higgs states can be rlenrlly reconstructed at the linear 

collider, as seen in Figure 6a and 6b. On the other hand, since /nh 2 135 GeV, a ccnrer-of-mass energy of 

300 GeV is more than sufficient to cover t*he entire supersymmetric parameter spa.ce wit.11 certainty. Thus. the 
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FIG. 6: Heavy MSSM Higgs states at the LC for 6 = 800 GeV [48]: (a) Reconstructed N and .I IIEES pea.k from 

e+e- + HA -+ b&6 for 50 f’b-l of data; and (b) the clijet invaximt, mxs distribution for eSc- -+ I-I’H- -+ t?& 

candidates after applying the intermediate t and W’ mass and the equal final state mass constraints for 500 fb-’ of dat.a. 
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light Higgs boson, h, is accessible at the LC while the observation of H, A aud H” is poSSibk only if ,,G is 

sufficiently large. The heavier Higgs states could lie beyond the discovery reach of the LC (,/Z < 1 TeV). and 

require a multi-TeV linear collider for discovery and study. In this case, the precision measurements of the light. 

Higgs decay branching ratios and couplings achievable at a,n e + - e linear collider are critical for distinguishing 

between a SM Higgs boson and a Higgs boson of a non-minimal Higgs sector with properties close to that CJf 

the SM Higgs boson. 

To illustrate the challenge of probing the decoupling limit, suppose that, 111,~ > ,/X/2 so t.hat only the light, 

Higgs boson, h., can be observed directly at the LC. However. in this region of decoupling the deviation of 

the couplings of 17. from those of the SM IIiggs boson approach zero. In particular, the fractional deviation 

scales as m,&/rn.i, so that if precision measurements reveal a non-zero deviation, one could iu principle clerk: a 

constraint on the heavy Higgs masses of the model. In the MSSM. the constraint can be sensitive to the NSSM 

parameters which control the radiative corrections to the Higgs couplings. This is illustr;tted in Figure 7, whcrc 

the constraints on rnd are derived for two different sets of MSSM para.meter choices. Ike, a simulation of H 

global fit of measured hbb, llrr and h-9.9 couplings is made and k” contours are plotted indicating the constraints 

in the nxA-k$n /? plane assuming a deviation from SM Higgs couplings is seen. In the masimal mixing scenario, 

the constraints on m#A a.re significant and rather insensitive to the value of tan@. However in some cases, a.s 

shown in Figure 7b, a. region of tan/3 ma.y yield almost no constraint, on rrb,l. Of course, if supersymmetric 

particles are discovered prior to the precision Higgs measurements, sdditiona.1 information about the KX34 

spectrum can be employed to further refine the analysis. 

The e+e- collider running in the ?;y collider mode presents additional opportunities for t,he study of the 
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FIG. 7: Contours of x2 for Higgs boson decay observablcs for the maximal mixing sceuario [left panel] and for a different 

choice of MSSM parameters for which the one-loop shift to the hb6 coupling is large [right pan.el]. See Ref. [G5] for 

a.dditional details. The contours correspond to 68, 90, 95, 98 and 99% confidence levrls (right to left) for the three 

observables gj&,, g&.,, and g&. 
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MSSM Higgs sector. Resonance production my -+ H and A can be used to extend the reach in Higgs masses 

beyond the limit set by HA pair production in t,he e+e- mode [60, 61, 661. Typically, one ca.r~ probe the heavy 

Higgs masses out to mlt - O&./2 (where fi is the center of mass energy of the Lc)‘). This extends t,he MSSlll 

Higgs search to regions of t,he rrz.A--tan/? pammeter space for which the LHC is not, sensitive in general (t.he 

so-called “blind wedge” of large .rrz,i and moderate values of t.anLj). 

As noted above, at least one Higgs boson must be observa.ble at the LC in the X%&I. III non-minimal 

supersymmetric models, additional Higgs bosons appea.r in the spectrum, and the “no-lose” theorem of the 

MSSM must be reconsidered. For example, in the non-minimal supersymmetric extension of the Standard 

Model (the so-called NMSSM where a II&s singlet is added to the model [67]), the lightest Higgs boson 

decouples from the 2 boson if its wave function is dominated by the Higgs singlet component. However, in this 

case the second lightest Higgs boson usually pla.ys the role of h of the h&SSM. Tha.t is, t&he mass of the sccord 

lightest neutral CP-even Higgs boson is light (typically below 150 GeV) with significant. couplings t.o t,he Z. 

so that it can be produced by the Higgs-strahlung process with an observable cross s&ion [GS]. If the second 

lightest Higgs boson also decouples from the Z! then the third lightest. will play the role of the light.cst Cl?-Ed-eu 

Higgs boson of the MSSM for which the observation is ensured, and so cm. Even in bizarre scenarios where all 

the neutral Higgs boson share equa.lly in the coupling to 22 (wit,11 the mm of all squared couplings const,rained 

to equal the square of the IzshrZZ coupling [63]), the “no-lose!’ theorem still applies-Higgs production at the 

LC must be observable [69]. In contrast,, despite significant progress, there is no complete guarantee that, at least. 

one Higgs boson of the NMSSM must be discovered at t.he LHC for all choices of the model parameters [TO]. 

One of the key parameters of t.he MSSM Higgs sector is the value of the ratio of Higgs vacuum expectation 

values, tan/?. In addition to providing information about the structure of the non-minimal Higgs secbor. 

the measurement of this parameter also provides an importa.nt check of supersymmet.ric structure. since this 

parameter also enters the chargino, neutralino and third generation squawk mass matrices and couplings. Thus. 

tan iijl can bc measured independent,ly using supersymmetric processes and compared to the value obtained from 

studying the Higgs sector. Near the decoupling limit.. the prcJp&ies of h are alinost, intistinguishalJ~e from 

those of Jlsh~, and thus no information can be extracted on the value of tan.$. However, t;he properties of t,he 

heavier Higgs bosons are tan /?-dependent. Far from the decoupling limit, all Higgs bosons of thr MSSM will be 

observable at the LC and exhibit strong tan/J-dependence in their couplings. Thus, to extract. a value of tan 3 

from Higgs processes, one must observe the effects of the heavier Higgs ~OSOIE of the MSSM at t.he LC. 

The ultima.te accuracy of the tan/3 mea.suremcnt at the LC depends on the value of tan $. In Ref. [ill. it 

is argued that one must. use a. number of processes, including b&b6 final sta.tes arising from b6.H. b&,4, caml IfI1 

production, and tEbbt, final states arising from t&H +, ir,fH- and H” H- production. One subtlety that arises 

here is tha.t in certain processes, the determina.tion of tantl may be sensitive to loop corrections that, depc~l 

on the va.lues of other supersymmetric pa,rameters. One must settle on a consist.ent, definit.ion of tan jj when 

loop corrections are included [analogous to the ambiguity in the definition of the one-loop e1ect.rowea.k mixing 

angle]. A comprehensive analysis of the extraction of t,an $’ from collider data, which incorpora.tes loop effects, 

has not yet been given. 

The study of the properties of the heavier MSSM Higgs bosons (mass, width. bra.nrhing ratios, qua.nt~um 

numbers, etc.) provides a number of additional challenges. For example, in the dJwlc(? of C?P-violat.ion, t,he 

heavy CP-even and CP-odd Higgs bosons. II and A, are expected to k~e nearly mass-degenerate. Their CP 

quantum numbers and their sepa.ration can be investigated a.t the same t,irne in the photon-photon collider 

mode of the LC. If linearly polarized photons are used in parallel polarization states, only the CP-even Higgs 
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boson H will be produced, while in perpendicular polarizat.ion states only the W-odd Higgs boson A will be 

produced. Thus, the CP quantum numbers and the separation of the two different states can br achieved. So far, 

we have implicitly assumed tha.t the neutral Higgs bosons are CP eigenst.ates. In the MSSM, the Higgs-sector 

is CP-conserving at tree-level. But, in supersymmctric models with explicit. CP violation, radiative corrections 

can induce nontrivial CP-mixing among the neutral Higgs states [72]. In the decoupling limit, t:he lightest Higgs 

boson, A, remains CP-even, while the two heavier Higgs states mix and exhibit W-violating interactions wit.h 

fermions [73]. In non-minimal supersymmetric extensions of the Standard Model, the more complicated Higgs 

sectors can also exhibit CP-violating properties. In the case of a W-violating Higgs sector, the observation and 

measurement of the Higgs bosons become much more challenging, and an P+c:- collider can uniquely test, the 

nature of the couplings of the Higgs neutral eigenstates of mixed CP parity to gauge bosons and fermions. 

C. Strong Electroweak Symmetry Breaking Dynamics 

Jmportant steps in exploring strong electroweak symmetry breaking ca.n he t8aken alrea.dy at, the LC with 

fi > 500 GeV and an integrat,ed luminosity of 500 fb-’ and above. Even if the masses of IICW heavy rtwnlancrs 

associated with the symmetry breaking sector are in the TeV range, t,heir effects can tJe indirectly observt?d at 

an e+e- linear collider with ,/% 5 1 TeV. In @e- 3 lY+T$‘-, t&e entire threshold region for the onset of the 

new strong interactions can be covered up to scales of 3 TeV [74]. St,rong quasi-elastic KTIP scaRering, the 

W’ bosom emitted from the high-energy electron and positron beams, can be studied direct,ly 111) t.o gales of 

the same size [75]. Isospin-zero resonance channels as well as isospin-two exotic channels are accessible in this 

way. New p-type resonances can be studied as virtual st.ates for masses up to several TeV, as illustrated in 

Figure 8. Pseudo-Goldstone bosons may be accessible in e+e- armihilation and plnot,trrr-yEiotor1 collisions up to 

a few hundred GeV [43, 761. 

Strong gauge boson interactions also can induce anomalous triple and cluartic gauge couplings at tree-level. 

0.2 

0.1 

FIG. 8: The WLWL sca.ttering form factor FT, for mrious muses AI, of a new vwtor resonance in e+c- -+ lT?t*-. The 

strong threshold effects in WLv scattering, based on taking the TT’TTT amplitude to 1~ exactly given by the amplitude as 

predicted by the low-energy theorem (LET), is indicated by the LET point. The contour is indicative for the precision 

attainable with 500 fb-’ at ,/% = 500 GeV. Taken from [74]. 



16 

Both CP-conserving and W-violating couplings are possible. For example, precision measurements of the 

process e+e- -+ W+R’- are sensitive to anomalous contributions to the static magnetic and electric dipole and 

quadrupole moments. The expected errors in the anomalous couplings. relative to the Stand& Model triple 

ga.uge boson coupling, range from lo-* to lO-” at the LC with fi = 500 GeV to 1 Te‘c’ and an integrat,ed 

luminosity of 0.5 to 1 ah-‘. ilt these accuracies, one ~a.11 begin to probe the contributions t:o the a~w~~mlctus 

couplings from Standard Model (or MSSM) perturbative one-loop corrections. Corrections clue to t,he strong 

electroweak symmetry breaking sector are likely to be of the same order of magnitude, or perhaps somrwh;~.t 

larger, and they can provide independent evidence for the exist,ence of new TeV-scale physics. 

A multi-TeV e+e- collider is an excellent tool to study new strong interaction resonances in great. detail. 

Since W bosons can be reconstruct,ed in the jet decay cha~nnels. the dynamics of the new resonances can bc 

explored in a more comprehensive way than at hadron colliders. Such a ma.chine is the appropriate instrument 

for fully developing the picture of the new strong forces in the electroweak sector. 

IV. EWSB PHYSICS AT FAR-FUTURE COLLIDER FACILITIES 

A. Probing EWSB at a p+i~- Collider 

In contrast to Higgs production at. electron-positron colliders, the Higgs boson can be produced as an +channel 

resonance in a I*+P- collider [77-821 with an appreciable rate, since the Higgs coupling to muons is sufficiently 

large to generate a sizeable production cross section. For a Higgs boson mass in the lower part of t,he intermediate 

mass range, roughly 10” particles can be produced in a few yea.rs, with the same number of background events 

in the b5 cha.nnel. Given the expected energy resolution, the Higgs mass can be measured in such a. machine 

with the accuracy of a few MeV, as shown in Figure Da, similar to the precision of the 2 mass measurement, :.tt 

mhsM = 110 GeV Separation of A0 81 Ho by Scanning 

t”“l”“l”“l”’ 1 t”“““‘l”“l”“I”“i c 
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FIG. 9: Higgs-boson signals at a muon collider, taken from Refs. [78] and [77]. (a) S : ( iin of the s-chanIle1 Higgs resonance 

in the Standard Model for 7n~ = 110 GeV assuming a beam enerbgy width of H = n.003% a.nd 1.5 pb-1 per scan point. 

(b) Resolution of H-A splitting in supersymmetric theories. 
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LEP. The Higgs width can be measured directly from a scan of the Higgs lineshape, with an accuracy of order 

20%. Since the Higgs-boson width becomes rapidly wider a.t the upper end of the intermediate mass range, the 

Higgs reSORanCe-Signal iS no longer ObSerVabh? iit the p'p- cdlider for rhh sM 2 160 to 180 GeV. f2nticipating 

the discovery of a fundamental relation between the Higgs mass and the 2 mass in a. future comprehensive 

theory of particle physics, the high precision with which the Higgs boson mass can be measured at a muon 

collider could t,urn out to be a critical aspect, in testing such a theory, in analqy t.o the relation between the 

2, T@ masses and the e1ectrowea.k mixing angle in the Standard Model. 

The sharp energy of a muon collider can be exploited to resolve the neasly mass-degenerate CP-even Riggs 

boson II and the CP-odd Higgs boson A in supersymmetric theories, as shown in Figure 91). Clearly, May 

other aspects of the Higgs sector can be studied as. a. pckf- collider [77, 821. In part,icular, if polarized beams are 

available, one could explore the CP yuanturn numbers of the Higgs boson(s) or probe CP-violation in the Riggs 

sector. There are several CP-violating observables, which are unique to s-channel Higgs production at the P+J~- 

collider and which and which can be const,ructed using muon polarization vectors [77, 831 and/or t,hree-momenta 

and spins of the final particles [84]. These asymmetries are degraded for partially polarized muon beams and by 

the effect,s of the precession of the spins of the colliding beams. Nevertheless, iu some cases; the Cl? quantum 

number of the SM Higgs boso11 or of the neutral Higgs bosons of an extended Riggs sector can be ext.ractetl 

with reasonable accuracy [82, 851 (e.g., for the MSSM Higgs sector with large radiatirely-irldu~e(l Cl?-violating 

Higgs couplings [72]). 

Of course, the Kiggs boson is also produced via the same Higgs-strahlung and vector-boson fusion process+ 

that operate at f:+e- colliders. Thus, much of the LC program for Higgs physics is also possible at a /r+bl- 

collider. However, (presurnably) reduced luminosities at the /~+/l- collider and backgrounds due to the decaying 

muons will degrade some of the LC precision Higgs measurements previously discussed. 

B. Probing EWSB at a Very Large Hadron Collider (VLHC) 

If strong electroweak symmetry breaking, characterized by a. scale of several TeV. is realized in nature, a 

proton collider with energies far above that of the LHC [86] will be a crucial instrument. complementary to 

multi-TeV lepton colliders, to study the dynamics of the system. The significance of quasi-elastic TT’TI’ scattering 

signaling either the onset of thr new strong interactions or the formation of new resonances, is great.1.v enhancec:1 

compared to the LHC, and it provides a motivation for detailed experimental studies. 

If the Higgs boson is a composite particle, a proton collider with very high energies may be a unique instrument, 

to search for its constituents. Examples include technicolor and top-color theories in which the new quarks ma) 

have masses of several TeV and above. For example, a condensate of i&!QTC’ may be responsible for rlectroweak 

symmetry breaking, where QT~ are technicluarks which m,ake up the fundamental represrnt,at.ion of an SLi(4, 

technicolor group [lo]. In the top-seesaw model of Ref. [13], the top quark and a. IKW~ weak Sli(2)1, singlet 

qiark x a.re responsible for the dynamical breaking of electroweak symmetry. The cross sections for production 

of these new particles at the VLHC are shown in Figure 10. However, detailed experimental studies of t.lle 

signals and ba.ckgrounds in the hadronic environment are needed before firm conclusions can be drawn. 
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FIG. 10: The cross section for technic&r &To pair production (solid line) and pair production of SU(Z)r, sin&$ t,op- 

quadi partIlers, XL and yR, in t,op-rolor models (dashed lint) at t.he VLEIC. The calculat.ion :~ss~m~e?s orw degenerate 

isodoublet of technicparks, and xL and xrz are taken degenerate in maFjs. The right, vrrtical scale shows thr number of 

events per year, assuming a total yearly integra.ted luminosity of 100 fb-‘. Taken from Ref. [ST]. 

V. CONCLUSIONS 

The physical origin of electroweak symmetry bre.aking is not pet, known. In a.11 theoretical approa.ches aud 

models, the dynamics of electroweak symmetry breaking must. be revealed at the TeV-scale or below. This 

energy scale will be thoroughly explored by hsdron colliders, starting with the Tevatron and followed later in 

this decade by the LHC. Even though the various theoretical alternatives ca.n only be confirmed or ruled out. 

by future collider experiments, a straightforward interpretation of the electroweak precision da.t;t suggestAs that. 

electroweak symmetry breaking dynamics is weakly-coupled, and a Higgs boson with mass betwrrn 100 and 

200 GeV must exist. Wit.h the supersymmrtric extension of the Standard Model, t*his interpretation opens the 

route to grand unification of a.11 the fundamental forces, with the eventual incorporation of gravity in particlr 

physics. The observation of a light Higgs boson at. the Tevatron or the LHC is the crucial first step. However, 

a high-luminosity e+e- collider, now under development, is needed to clarify the nature of the Higgs boson in 

a comprehensive form and to establish scalar sector dynamics as t,hc mechanism sui genes%s for generating the 

masses of the fundamental particles. If strong electroweak symmetry breaking dynamics is rc&ized in nature, 

supporting evidence can initially be extracted from experiments at the LHC and itt an t J+ - e linear collider with 

fi = 500 GeV-1 TeV, but the new strong interaction sector can only be fully r-xplorcd at multi-Te’i. lepton 

and proton facilities. 

In summary, discovering and interpreting new phenomena. require energy frontier facilities and high precision 

capabilities. The search for the dynamics of electroweak symmetry breaking calls for colliders that, probe energy 

scales from a few hundred GeV up to a TeV. Theoretical explanations of the mechanism of electroweak symmetry 

breaking demand new physics beyond the Standard Model a,t or near the TeV scale. There are flunclarnental 

questions concerning electroweak symmet,ry breaking and physics beyond the Standard Alode that. cannot. be 
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answered without a high energy physics program at an c e -e - linear collider overlapping t.hat. of the LHC. 

Discoveries at these machines will elucidate the TeV scde, and they will gave the way for facilities tha.t will 

explore new and higher energy frontiers at the multi-TeV scale. 
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